Objectives. We evaluated the effectiveness of biomonitoring as an intervention against methylmercury exposure.
Eating a diet that includes a variety of fish, especially fatty marine species such as herring, mackerel, and sardines, has been associated with a reduced risk of cardiovascular disease. [1] [2] [3] [4] However, consumption of methylmercury-contaminated fish or grain has been linked to a variety of health problems ranging from developmental delays in prenatally exposed infants to neurological problems and heart disease. [5] [6] [7] [8] [9] [10] [11] Most state health departments advise children and women of childbearing age to reduce their intake of large, predatory sport fish, which are frequently high in mercury. Following publication of the 2000 National Research Council report on the toxicological effects of methylmercury, 12 the Wisconsin Department of Health Services began to offer hair mercury testing to concerned citizens and broadened its advisory to include dietary guidance for men and older women.
The Great Lakes Regional Collaboration (GLRC) has set a goal of protecting the public from toxic substances through effective outreach and education, including protective fish consumption advice throughout the Great Lakes Basin Ecosystem. 13 In addition, the GLRC has encouraged stakeholders to identify and fill knowledge gaps that limit our ability to manage public health risks posed by substances found in the Great Lakes and has recommended the use of consistent, easily accessible messages on fish consumption to protect human health. By 2010, the GLRC hoped to establish a regional biomonitoring program for persistent contaminants, and this initiative was recently funded through grants offered by the U.S. Agency for Toxic Substances and Disease Registry.
In 2004, the Wisconsin Department of Health Services assessed methylmercury levels in 2,031 residents. 14 Volunteers recruited using statewide press releases completed questionnaires that requested information about sport-caught and commercial fish consumption, and provided hair samples for analysis. Compared with responses from a fish consumption module included in the 2004 Wisconsin Behavioral Risk Factor Surveillance System (WBRFSS) survey, participants in this study ate more fish and were more likely to be licensed anglers. Nearly 20% of the hair samples exceeded the federal advisory level of 1 microgram per gram (µg/g). Levels were highest in male anglers and lowest in women of childbearing age. These results suggested that the advisory used prior to 2005, which advised women who were pregnant or were planning a pregnancy to avoid eating large, predatory fish, had been effective in reducing mercury exposure among this group and highlighted the need to provide consumption advice to men.
To assess the effectiveness of the 2004 biomonitoring effort as an outreach and intervention tool, a follow-up investigation was conducted in 2008. The follow-up study was designed to evaluate the participants' recall of their 2004 hair mercury level, as well as any changes in their fish intake and hair mercury level. This article presents findings from the follow-up study.
METHODS

Baseline study
Between January 2004 and May 2005, 2,031 Wisconsin residents took part in a study of fish consumption and methylmercury exposure. (Although sampling continued into the spring of 2005, the sampling period will be referred to as 2004.) Study volunteers completed questionnaires that requested demographic and fish intake information, and provided scalp hair samples for analysis. A letter was sent to each volunteer explaining his or her hair analysis result. Letters sent to people whose hair mercury levels were .1 µg/g stated: "Because your hair mercury level exceeds the federal guideline of 1 µg/g, you are advised to continue eating fish, but to select fish that are known to be low in mercury." An educational brochure entitled "A Family Guide to Eating Fish from Wisconsin" was enclosed for their reference. 15 Letters sent to people with lower hair mercury levels stated: "Your hair mercury level is #1 μg/g indicating that mercury is not a health concern for you at this time." Based on comparisons with the 2000 Census and weighted responses to the 2004 WBRFSS, study volunteers were more likely to consume fish, ate fish more often, and were more educated than the general population. They also had higher household incomes and were more likely to be licensed anglers and report their race as white.
Follow-up study
Between March and November of 2008, letters of invitation, consent forms, fish consumption surveys, hair collection kits, and self-addressed, postage-paid envelopes were mailed to individuals who participated in the 2004 study. Reminder letters were mailed to nonresponders six to eight weeks after the initial mailing. Three months after the initial mailing, a second study packet was sent to nonresponders. The survey included recall questions about the baseline study and 2004 hair test results, and asked about changes in the amount or type of fish the participants ate. Fish consumption questions from the 2004 survey were included in the follow-up questionnaire to allow a direct comparison of commercial and sport-caught fish intake.
Hair mercury analysis
Hair samples were analyzed for total mercury by the Wisconsin State Laboratory of Hygiene in Madison, Wisconsin. A 1.5-inch segment of hair clipped at the scalp was digested in nitric and sulfuric acid and analyzed for total mercury according to Environmental Protection Agency method 631, Revision B for mercury in water by oxidation, purge and trap, and cold vapor atomic absorption fluorescence. This method has a detection limit of 0.011 µg/g for hair.
Data analysis
We calculated descriptive statistics for fish consumption data and hair mercury levels and used paired t-tests to test for differences in mean number of fish meals per month and hair mercury levels. We analyzed the correlation between baseline and follow-up hair mercury levels using Pearson's correlation coefficient. Hair and fish intake data were log-transformed to correct for nonlinearity. Therefore, all means reported in this article are geometric means. We conducted all analyses using SAS ® version 9.1. 16
Human subjects review
All materials and methods for the baseline and followup study were reviewed and approved by the University of Wisconsin Medical School Institutional Review Board. All participants provided informed consent and were advised that their involvement with this study was voluntary.
RESULTS
Follow-up study packets could not be delivered to 151 individuals who were either deceased or could not be located. Completed surveys and hair samples were received from 1,139 individuals for a response rate of 61% among those who received the study packet. Compared with nonparticipants, those who took part in the follow-up study were more likely to be older, male (52%), and to have a fishing license in their homes (56%). Volunteers in the 2008 study also had higher mercury levels (geometric means 0.50 vs. 0.34 µg/g) and reported eating slightly more fish (geometric means 5.8 fish meals per month vs. 4.7 fish meals per month) in 2004 than nonparticipants. While 73% of those whose 2004 hair mercury level was .1 µg/g submitted hair samples and completed surveys in 2008, only 52% of those who had an acceptable hair mercury level responded to the follow-up mailings. The participation rate was lowest (34%) among people whose baseline hair mercury level was ,0.1 µg/g.
Recall and response to 2004 biomonitoring
Ninety-seven percent of the follow-up participants remembered taking part in the 2004 study and 76% correctly remembered whether their first hair test result was elevated. Recall accuracy was highest among people whose mercury levels were either ,1 µg/g or .3 µg/g (82% and 84%, respectively). In comparison, only 53% of those whose levels were 1-3 µg/g remembered having an elevated test result. Licensed anglers with elevated mercury levels had the poorest recall accuracy, with only 52% correctly reporting a "high" 2004 test result. Accuracy also varied by gender, with 81% of women and 73% of men correctly reporting their baseline mercury level as "safe" or "high."
Fish intake
Overall fish intake rates were essentially the same in 2004 and 2008 (geometric means of 5.0 and 4.8 fish meals per month, respectively). At both time points, men reported eating fish more often than women. In 2004, the geometric mean intake rates among men and women were 5.5 and 4.5 fish meals per month, respectively. At follow-up, this gender gap had increased slightly to 5.6 and 4.1 fish meals per month for men and women, respectively.
In 2008, the cohort reported an average monthly intake of 8,785 fish meals including 2,805 (32%) servings that were purchased and prepared at home, 2,200 (25%) restaurant servings, 2,017 (23%) servings of canned tuna, and 1,763 (20%) servings of sport-caught fish. While the 2008 estimate was 3% higher than the 2004 estimate of 8,561 servings per month, the distribution of sources was very similar: 31% home-prepared, 26% restaurant servings, 23% canned tuna, and 21% sport-caught fish.
Almost half of the cohort reported changes in their fish intake, with 20% eating less fish, 13% eating more fish, and nearly 30% eating different types of fish or smaller fish in 2008. The most commonly cited reasons for reducing fish intake were awareness of hair mercury levels and concerns about contaminants. The most common reason for increasing intake was a heightened awareness of the health benefits of fish. Other reasons for changing fish consumption included the increased cost of fish and dining out; lifestyle changes such as pregnancy, retirement, relocation, or death of the family angler; general dietary changes; and less leisure time for sport fishing. Reported changes in selection of fish were consistent with the finding of lower hair mercury levels among people who ate fish more than four times a month (Figure 1 ). 
Comparison of baseline and follow-up hair mercury levels
Baseline and follow-up hair mercury levels were positively correlated (r50.72, p,0.001). Intra-individual mercury levels were lower in 61% of the cohort, and geometric mean mercury concentrations in 2004 and 2008 were 0.50 and 0.42 µg/g, respectively. The percentage of hair mercury levels that exceeded the guideline value of ,1 µg/g fell from 35% to 25% in men and from 17% to 11% in women between the two time periods. Maximum mercury levels dropped from 15.2 to 6.0 µg/g in men and from 4.8 to 3.6 µg/g in women between the two time periods.
Among 297 people who changed the type of fish they ate, most reported switching from large gamefish to panfish and smaller gamefish, or from commercial tuna to species such as salmon and cod, which tend to be lower in mercury. The geometric mean hair mercury level in these individuals fell from 0.68 to 0.51 µg/g between the two time periods. A similar change was seen in those who reduced the amount of fish they ate, with geometric mean mercury levels dropping from 0.65 to 0.39 µg/g from 2004 to 2008. The largest decreases were seen in people who reduced their fish intake and changed the type of fish they included in their diets. In this group, the geometric mean mercury level fell 43%, from 0.83 to 0.47 µg/g, and the percent whose levels were .1 µg/g dropped from 47% to 22% from 2004 to 2008. Among 137 individuals whose 2004 and 2008 monthly fish intake estimates were the same and who reported no change in the types of fish they ate, hair mercury levels decreased from 0.32 to 0.25 µg/g (p,0.001). Conversely, mercury levels rose slightly among those who increased their monthly fish intake (geometric mean 0.42 vs. 0.50 µg/g, p50.002).
In 2004, 256 members of this cohort had a hair mercury concentration that fell between 1 and 3 µg/g. At follow-up, 82% of these individuals had a lower mercury level and more than half of their results were ,1 µg/g. As shown in Table 1 , only 28% of the people in this group reported a reduction in their fish consumption, 39% changed the type of fish they ate, and 17% both changed the type of fish they ate and ate less fish. Among 44 people whose mercury levels exceeded 3 µg/g, almost half (49%) reduced their fish intake, 51% reported eating different types of fish in 2008, and 28% both changed the type of fish they ate and ate less fish. As a result of these dietary modifications, 93% of them had a lower hair mercury level at follow-up ( Figure 2) . Table 2 summarizes baseline and follow-up data for 10 people who had the highest hair mercury levels in 2004. All of them remembered their 2004 hair test, and nine of 10 accurately described their mercury level as "high." Most reported changing the type or amount of fish they ate as a result of the test. While all of their follow-up hair mercury levels were reduced, only two were below the federal guideline.
DISCUSSION
This study was designed to assess the effectiveness of hair mercury analysis followed by results-based dietary advice as an intervention against methylmercury exposure. Informational brochures that discussed the health effects of methylmercury and provided pictures of commercial and sport-caught fish categorized as high or low in mercury were also enclosed with letters sent to people who had elevated mercury levels. Volunteers in the initial phase of this research were recruited using a press release that offered free hair mercury testing and discussed methylmercury in fish.
Hair mercury analysis followed by results-based dietary advice appears to have had a long-term effect that reduced methylmercury exposure without discouraging fish consumption in most individuals in our cohort. Among 1,139 people who participated in the baseline and follow-up studies, 300 had a baseline hair mercury level that exceeded the federal guideline of 1 µg/g, and mercury concentrations were as high as 15.2 µg/g in the 2004 survey. At follow-up, monthly fish consumption remained essentially unchanged. However, the number of people whose hair mercury levels exceeded the federal guideline dropped to 206 and the highest mercury concentration fell to 6.0 µg/g. The geometric mean hair mercury concentration in 2008 was almost 20% lower than the geometric mean in 2004 (0.42 µg/g vs. 0.50 µg/g). Compared with baseline levels, follow-up hair mercury concentrations were lower in 62% of the men and 59% of the women who participated in this study.
The issuance of fish consumption advisories and hair analysis poses the risk of an unintended reduction in fish intake. However, only 20% of our participants reduced the amount of fish in their diets. Most people followed advice to change the kind of fish they ate, selecting smaller sport-caught fish and species that are known to have lower mercury concentrations. The finding of lower mercury levels in people who reported no changes in their fish intake is unexplained. Because it is unlikely that mercury levels in fish have decreased during the study period, the most likely explanation is an increased awareness of methylmercury accompanied by behavioral changes that were not reported.
Strengths
Strengths of this study included a relatively high response rate, large sample size, range of mercury exposure at baseline, and ability to link hair mercury levels to fish intake. Our findings are particularly interesting because this cohort, as well as the research team, were not aware that a follow-up study would be conducted. Therefore, it is reasonable to assume that intentional dietary modifications reflected a concern about mercury exposure or personal health and were not motivated by enrollment in a long-term study.
Limitations
This cohort was older, was more educated, had higher household incomes, and ate more fish than Wisconsin's general population. 17 Nearly half (530 of 1,139) of those who participated in both phases of this study were lifelong Wisconsin residents, and the majority (642 of 1,139) had a licensed angler in the household. Some participants were likely motivated by concerns about the fish they ate or by a desire to assist with a state-sponsored study. Others may have wanted to be tested for mercury because of health problems. Due to these factors, the responses of our volunteers to biomonitoring and dietary advice may not be typical of the general population.
CONCLUSIONS
These findings support the public health benefit of methylmercury screening in conjunction with resultsbased education among frequent consumers of commercial and sport-caught fish. Future research should evaluate the effect of hair mercury analysis among a more representative cohort. Focused research is also needed to assess the effectiveness of outreach programs that are targeted toward high-risk populations including recent immigrants, subsistence fishermen, minorities, and younger age groups. 
